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nanosheets with abundant oxygen vacancies
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Abstract—Elemental mercury removal in coal-fired power plants is the key to global mercury pollution control, and
photocatalytic oxidation is an effective and stable method. As a typical bismuth-based photocatalyst, BiOIO; has a large
band gap which is not conducive to the absorption and utilization of visible light, and its specific surface area also lim-
its the diffusion and adsorption of reactants. In this work, pink BiOIO; (PB) was first prepared successfully via vac-
uum calcination under absolute pressure of 1*¥10~° Pa. The specific surface area of pink BiOIO, is significantly increased
to 44.52 m*/g, which is 1.5-times compared with the traditional BiOIO; prepared by hydrothermal method (only 29.60
m’*/g). Abundant oxygen vacancy defects exist on sample surface, and the formed local BiOI Zero-dimensional (0-D)
nanodots provide heterojunction-like effect combined with the BiOIO;, obtaining better photocatalytic property in the
oxidation of elemental mercury. The as-prepared pink BiOIO; and the preparation technology also have strong applica-

tion potential in the field of energy and environment.
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INTRODUCTION

Coal-fired power plants are the largest anthropogenic sources of
mercury emissions, and the effective control of flue gas mercury is
the key to global mercury pollution control [1]. Although a series
of measures have been taken to control the diffusion and volatil-
ization of toxic gases during boiler production, residual pollutants
continue to endanger public health and safety. Wet flue gas desul-
furization (WFGD) is generally used to remove oxidized mercury,
while other mercury particles are adsorbed on particulate carbon
and then captured and removed by electrostatic precipitator or wet
electrostatic precipitator (ESP/WESP) [2-4]. However, due to its
stable chemical properties, elemental mercury (Hg’) is not easily
soluble in water, nor adhere to fly ash, that often exists in the gas-
eous form, and the emission through the chimney, which is the
key scientific issue of mercury emission from power plants [5].

Intra-flue injection adsorption is a common method for mer-
cury removal, and activated carbon is usually used as the adsorp-
tion material [6-8]. While, considering the enormous amount of
flue gas emissions, the cost of adopting injection method is high,
which will also lead to increased power consumption and coal
consumption for power generation. In recent years, photocatalytic
oxidation of mercury after combustion has been widely studied as
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a low cost and high efficiency mercury removal method [9]. Con-
ventional titanium dioxide as a photocatalyst has a wide band gap
of about 3.2 eV, so its valence band electrons can only be excited
by ultraviolet light with a shorter wavelength, and the photogene-
rated electron-hole pair recombination rate is also high [10]. The
main characteristics required for photocatalysts include broaden-
ing the spectral response range [11], reducing the recombination
rate of photogenerated electrons and holes [12], and increasing
their chemical/physical stability [13,14]. As an alternative, bismuth-
based materials have been extensively studied by researchers due
to their unique layered structure, photocatalytic activity and good
chemical stability [15-18], which are potential photocatalytic mer-
cury removal agents [19].

BiOIO;, a typical bismuth-based semiconductor photocatalyst,
with double lone-pair cations in the (Bi,0,)*" and (I0,)" Aurivillius
layered structure, has excellent macroscopic polarity characteris-
tics [20]. It is often used in many energy and environmental fields
such as artificial photosynthesis [21], denitrification [22], hydro-
gen production [23], organic degradation [24], and demercura-
tion [25]. The valence band (VB) position of BiOIO; is so positive
[26] that the photogenerated holes enriched in the VB lead to
extremely strong oxidation performance, and the internal electric
field formed by the IO, polyhedra alignment is advantageous to
the separation of photo-generated carriers. However, pure BiOIO,
has relatively large band gap which inhibits the utilization of visi-
ble light, and small specific surface area that is not conducive to
the diffusion and adsorption of reactants, hence there is still much
room for improvement.
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In this work, pure BiOIO; nanosheets were treated by vacuum
calcination, and a new type pure substance phase, Pink BiOIO; (PB),
was successfully synthesized. It has increased specific surface area
and abundant surface oxygen vacancy defects, and the efficiency of
elemental mercury photocatalytic oxidation was significantly im-
proved. Meanwhile, the related mechanism of photocatalytic per-
formance improvement has also been analyzed via density func-
tional theory.

EXPERIMENTAL

1. Preparation

First, the pure BiOIO; was prepared via traditional hydrothermal
method as follows [27]. In a typical reaction, 5mmol Bi(NO,),-
5H,0 was added to a beaker containing 80 mL deionized water
and 4mL 67% (w/w) HNO;, followed by constant stirring for 10
min. Then, 5 mmol KIO, was added to the above beaker and con-
stant stirring for another 30 min. The mixture was transferred into
a 100 mL Teflon-lined stainless autoclave for hydrothermal pro-
cess at 160 °C and lasted 12h (heating rate 5°C/min). The prod-
uct was centrifugally washed with deionized water and absolute
ethyl alcohol, respectively, for three times and then dried at 80°C
for 12h. The pure BiOIO; nanosheets prepared via hydrothermal
were labeled as BiOIO;-H (H for hydrothermal).

The pink BiOIO; (PB) was obtained via vacuum calcination of
pure BiOIO; nanosheets (Fig. 1). In a typical procedure, 0.4 g of the
above as-prepared samples was put it into the bottom of a quartz
tube (12 mm of inner diameter, 200 mm of length). A small piece
of quartz was placed in the middle of the quartz tube. The inner
space of the quartz tube was gradually vacuumed by molecular
pump, with the absolute pressure of 1*10~° Pa. The mixture of hy-
drogen and oxygen was ignited to obtain a steady and violent pre-
mixed flame. Immediately, the hot outer flame was aimed at the
quartz piece, producing a bright white flare until it was melted and
became an entirety with the surrounding quartz wall. The vacuum
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Fig. 1. Preparation process of the pink BiOIO;.
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treated quartz tube was transferred to muffle furnace and calcined
at 200 °C for 2 h (heating rate 10 °C/min), while the setting of this
temperature was referred to our previous work [28]. Finally, the
quartz tube was naturally cooled to room temperature and the pre-
pared pink BiOIO; was obtained (labeled as BiOIO;-VC, VC for
vacuum calcination). To verify the necessity of vacuum environ-
ment, a control sample was prepared. The pure BiOIO; prepared
via hydrothermal method (BiOIO,-H) was calcined directly in a
muftle furnace (keeping the other parameters unchanged), and the
obtained control samples was labeled as BiOIO;-C (C for calcination).
2. Characterization

The as-prepared samples were characterized by XRD (Bruker
D8 Advance, Germany), BET (Micromeritics ASAP 2020), SEM
(Phillips XL-30 FEG/NEW), XPS (PHI5300, USA) and UV-vis
DRS (SHIMADZU UV-3600, Japan).
3. Evaluation of Photocatalytic Performance

The as-prepared samples were evaluated by photocatalytic oxi-
dation of gaseous elemental mercury (Hg’), of which effective con-
trol is considered to be the key of the total mercury control in coal-
fired flue gas. The experimental setup is similar to before [29] and
the details are described in the Supplementary Material (Fig. S1).
4. Density Functional Theory Calculation Details

The density functional theory (DFT) calculation in this paper
was carried out via CASTEP code. The exchange-correlation func-
tional used the Perdew-Burke-Ernzerhof (PBE) functional under
the generalized gradient approximation (GGA) [30]. The conver-
gence criteria for self-consistent field iterative calculation were: maxi-
mum energy change of 2.0x10° eV/atom, maximum force of 0.05
eV/A, maximum stress 0.1 GPa, and maximum displacement
0.002 A. In each calculation, geometric optimization was first car-
ried out for the constructed model. Then, the energy, band struc-
ture, density of states and optical properties were calculated on the
basis of geometrically optimized structure.

RESULTS AND DISCUSSION

From Fig. 2(a), the XRD patterns show that the three samples
are all pure phase BiOIO, (ICSD #262019 [31]), indicating the
successful preparation of pink BiOIO;. Although BiOI is brick red,
there is no characteristic peak about it, which means the bulk BiOI
crystal does not form during the vacuum calcination progress. It is
not bulk BiOI that caused the sample to turn pink color but other
reasons. The characteristic crystal surfaces of BiOIO,-VC: (010)
and (121) facets became more sharp, which is due to the vacaum
environment isolated from the interference of external impurities.
Under heating conditions, the crystallinity of BiOIO; is significantly
increased, and the exposure of (010) facets active surface is enhanced
[32]. In comparison, the peak value of (010) facets (with better reac-
tivity efficiency) in BiOIO;-C is significantly shorter, showing the
reduction in crystallinity and the crystal structure was destroyed
in the calcination process.

From Fig. 2(b) and Table 1, the specific surface area of BiOIO;-
VC is significantly enhanced, reaching 44.52 m’/g, which is 1.5-
times of BiOIO;-H (29.60 m’/g). Due to the influence of vacuum
environment, the adsorbed gas on the surface and inside of the
sample is desorbed, which makes the sample more fluffy. This also
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Fig. 2. (a) XRD patterms; (b) N, adsorption-desorption isotherms and corresponding data.
Table 1. Summary of physical and photocatalytic properties
BET Total pore Average pore Adsorbing Bandea Hg® removal
Samples surface area volume diameter boundary e\;‘; P efficiency
m’/g cm’/g nm nm %
BiOIO;-H 29.60 0.0788 10.65 415 2.99 58
BiOIO,-VC 44.52 0.1510 13.57 441 2.81 78
BiOIO;-C 34.44 0.0874 10.16 416 2.98 60
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Fig. 3. SEM images for (a) BiOIO;-H, (b) BiOIO,-VC and (c) BiOIO;-C; (d) TEM image of BiOIO;-VC; (e) HR-TEM image of BiOIO,-VC.
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resulted in the rich total pore volume (0.1510 cm’/g) and larger aver-
age pore diameter (13.57 nm), which are significantly increased
compared with the other two samples. That is beneficial to the ad-
sorption of reactants, such as mercury atoms, which is also consis-
tent with the experimental conclusion.

The BiOIO;-H prepared by hydrothermal method shows typi-
cal nanosheet structure (Fig. 3(a)), which is well consistent with
the literature [27]. The morphology of BiOIO,-VC (Fig. 3(b)) is
similar to that of BiOIO;-H, with sharp edges in nanosheets. It can
be found that vacuum calcination changes the spatial layout of
BiOIO; nanosheets: the agglomeration of samples is reduced, form-
ing more flufty and porous three-dimensional structure, while the
abundant pores are beneficial to the internal diffusion and adsorp-
tion of reactants. The BiOIO;-C nanosheets become rougher and
the sharp edges gradually disappear (Fig. 3(c)), which is in line with
the XRD analysis. From the TEM and HR-TEM image of BiOIO;-
VC (Fig. 3(d) and (e)), the sample shows an irregular lamellar struc-
ture, and clear latice fringes of 0.324 nm can be observed, corre-
sponding to the diffraction of BiOIO, (121) plane [33]. While no
lattice fringes of BiOl appear, because the BiOI is locally generated
and no large chunks of BiOI crystal present, which is also consis-
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Fig. 4. Elemental mercury removal efficiency of the as-prepared
samples.

tent well with the XRD analysis above.
The photocatalytic performance of the three as-prepared samples
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was evaluated by the photocatalytic oxidation of elemental mercury
(Hg’) under visible light irradiation (with the filter 2>400 nm),
and the results are shown in Fig. 4 and Table 1. The Hg’ removal
efficiency of BiOIO;-H was only 58%, because of the large band
gap (~3 eV), which is not conducive to the utilization of visible light,
and the weak specific surface area and pore structure hindered the
adsorption of reactants. In contrast, the efficiency of BiOIO;-VC
was significantly improved, reaching 78%, which is 39% higher than
BiOIO;-H. The efficiency of BiOIO;-C was about 60%, which was
not significantly changed and almost the same as that of BiOIO;-
H, indicating the necessity of vacuum calcination for the forma-
tion of the pink BiOIOs,

Next, the mechanism of improving the photocatalytic perfor-
mance of the pink BiOIO; prepared by vacuum calcination was
further explored. The XPS spectra of the as-prepared samples are
shown in Fig. 5. The element shown in the full spectrum (Fig.
5(a)) is well consistent with the chemical composition of the sam-
ple. Fig. 5(b) is the high-resolution spectrum of the Bi 4f, and two
obvious peaks at 162.00-162.80 and 167.32-168.38 eV can be attri-
buted to the contribution of Bi 4f,, and Bi 4f;,, respectively [34].
The valence state change of bismuth element is not obvious, be-
cause the bismuth atom is located in the (Bi,O,)*" skeleton of the

BiOIO; crystal, and the chemical environment is relatively stable.
Fig. 5(c) is XPS spectrum of O 1s. The two main peaks come from
two different forms of oxygen: the peaks in the range of 532.10-
533.34 eV are the oxygen in (BL,0,)* layer, while the peaks in the
range of 533.31-534.29 €V are the oxygen in (IO,)" [28]. There are
also some small peaks appearing at around 535.81-537.10 eV, which
are caused by the adsorption of water and hydroxyl groups on the
sample surface [35]. From the XPS spectrum of I 3d (Fig. 5(d)),
the BiOIO;-C is similar to BiOIO;-H, that both have peaks within
627.08-627.55 eV and 638.57-639.09 eV, corresponding to the con-
tribution of I** in the (I0;) layer [36]. However, the BiOIO,-VC
not only has I** peaks, but also produces an obvious pair of "'
peaks in 621.78 eV and 633.29 eV. This can be attributed to the
induction of vacuum calcination, resulting in the formation of oxy-
gen vacancies on the sample surface. In addition, the surface (I0;)
layers lose some surface oxygen atoms, thus forming local BiOI
Zero-dimensional (0-D) nanodots, which causes heterojunction-
like effect with BiOIO;. While reducing the band gap, the photo-
catalytic activity of the pink BiOIO; is improved relying on type-II
heterojunction. Since the oxygen atoms on BiOIO, nanosheets
surface are lost uniformly and do not form bulks of BiOI crystal,
there is no characteristic peak of BiOI observed in the XRD pattern.
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From the UV-vis spectra (Fig. 6(a)) and the associated (ch1)"
versus (hv) plot (Fig. 6(b)), both BiOIO;-H and BiOIO;-C have
strong absorption of ultraviolet light, but weak to visible light, indi-
cating that direct calcination has no significant improvement in
visible light absorption of BiOIO;. Approximate horizontal lines in
visible light region imply uniform reflection of incident light, so
the color of BiOIO;-H and BiOIO;-C is both white. The light ab-
sorption of BiOIO;-VC is uniformly improved in the range of 200-
800 nm (compared with BiOIO;-H), and remarkably; it absorbs a
large amount of blue-violet light in the visible light range. However,
absorption is still weak for red light with a longer wavelength, so
that the reflection is strong, which is why the sample appears pink.

Electron paramagnetic resonance (EPR) is based on the mag-
netic moment of unpaired electrons, which can be used to detect
the unpaired electrons contained in atoms or molecules of sub-
stances. From Fig. 6(c), the g factor, which reflects the interaction
between the electron spin motion and the orbital motion, has a
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value of 2.002, corresponding to the characteristics of oxygen vacancy
[37]. It can be found that the EPR response of sample BiOIO;-H is
relatively weak, while the EPR response of BiOIO; after vacuum
calcination (BiOIO,-VC) is significantly improved, with the peak
strength nearly three-times that of the original. This indicates that
vacuum calcination can significantly increase the oxygen vacancy
concentration of BiOIO;, which is well consistent with the above
analysis.

In addition, a density functional theory (DFT) calculation was
carried out to further support the above assumption. The crystal
cell model of BiOIO; is shown in Fig. 7(a), which has a typical
Aurivillius-type layered structure [20]. The nanosheet BiOIO; is
composed of (Bi,O,)*" layer as skeleton, with (IO;)” layers hang-
ing on both sides, which has significant macroscopic polarization
characteristics. The iodate layers between the two (010) facets inter-
act with each other by van der Waals forces, so this surface is easier
to cleave and peel off. Dai et al. [38] cleverly constructed a vertical
BiOI/BiOIO; heterojunction based on the (010) surface of BiOIO;,
showing stronger photocatalytic performance. Therefore, in this
paper, the (010) plane of BiOIO; was selected as the representa-
tive crystal plane to be segmented and exposed to form a surface,
as shown in Fig, 7(b). A vacuum layer of 10 A was cited to avoid
the influence of the existence of adjacent layers on the conclusion
[39,40]. Considering that there are three kinds of oxygen atoms in
different environments in one (IO;)” ion, three Nanosheet BiOIO,
model with one oxygen vacancy were constructed, named as BiO-
10;-O,,-A, BiOIO;-0O,,-B and BiOIO;-O,,-C (where v1 represents
an oxygen vacancy). The structure of an (IO,)” ion losing all its
oxygen that exposing exposed iodine was also calculated, which
was named as BiOIO;-O,. After the geometrical optimization of
the above structure, the related energy calculation was carried out
on this basis.

The band structure and density of states (DOS) analysis of BiO-
10, with and without oxygen vacancy are shown in Fig. 8. When
the surface of BiOIO; nanosheets is intact without oxygen vacancy
defects, the band gap energy (Ey,) is 2.692 eV (Fig. 8(a)). This value
is underestimated to some extent, compared with the experimen-
tal value (~3 eV in this paper). This is due to the inherent error
caused by the GGA/PBE functional evaluation of the semiconduc-
tor band gap [30]. Therefore, the absolute value of the band gap
calculated by DFT is only for reference, but the change of its rela-
tive value is of significance for analysis. As the complete BiOIO,
without any defects, the valence band (VB) and conduction band
(CB) are formed by the contribution of p orbitals, hybridized with
a small number of s orbitals. There is no energy level distribution
between the valence band maximum (VBM) and conduction band
minimum (CBM), which presents a strictly forbidden band. How-
ever, when there is an oxygen vacancy on the surface of BiOIO,
nanosheets, the band gap is significantly shortened, reaching the
range of 1.015-1.308 eV (Fig. 8(b)-(d)). It can be found that there
is a discrete p orbital at the Fermi level, showing a semi-filled band
structure. While, when the oxygen vacancy concentration further
increases, the original (IO;)" only remains an exposed iodine atom,
resulting in a local point-like zero-dimensional BiOI structure, with
the band gap almost disappearing to 0.261 eV. Moreover, a wide
and rich band distribution appears in the original band gap posi-
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tion. It can be seen that when oxygen vacancies are formed on the
surface of BiOIO; nanosheets, the band gap width will be signifi-
cantly reduced. Depending on the number of oxygen vacancies, a
local BiOI structure may form. However, the characteristic peak of
BiOI is not observed in the XRD spectrum, since there are no
blocks of BiOI produced.

Shown in Fig. 9 is the absorption spectrogram achieved by DFT
calculation. It can be seen that the intact BiOIO; without oxygen
vacancy relatively easily absorbs ultraviolet light, but almost no ab-
sorption for long wavelengths light. Poor absorption, in other words,
strong reflection, so pure BiOIO, macroscopically appears white.
With the formation of oxygen vacancy, the absorption to the inci-
dent light in the visible light range is enhanced to varying degrees,
while the absorption of blue violet light is more enhanced. The
calculation results of DFT are in good agreement with the experi-
mental data, which verifies the feasibility of the above conjecture.
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Through the above experimental analysis and theoretical calcu-
lation, the following photocatalytic performance improvement mech-
anism can be given, as shown in Fig. 10. First, the pure BiOIO;,
with a large band gap, only shows a strong absorption of ultravio-
let light, while the absorption of visible light range is weak with
uniform reflection and appearing white. After the treatment of vac-
uum calcination, due to the influence of the external environment
of vacuum degree, the crystal surface structure of BiOIO; has
changed. The partial loss of surface lattice oxygen in BiOIO; crys-
tals resulted in the formation of point-like BIOI morphology and
the formation of BIOI/BIOIO; heterojunction with intact BIOIO;,
resulting in a significant decrease in band gap and improved light
absorption within the visible light range. In addition, the light ab-
sorption enhancement of short wavelength is more intense, while
the light absorption enhancement of long wave band is not obvious,
so the sample appears pink macroscopically. An oxygen vacancy is
formed on the surface discretely so that no large chunks of BIOI
crystals are formed, so the characteristic peak of BIOI is not
observed in the XRD image. Note that vacuum calcination leads
to a significant increase in the specific surface area of the sample,
which is also conducive to the adsorption of reactants, thus indi-
rectly improving the efficiency of mercury removal.

CONCLUSIONS

Pink BiOIO; nanosheets were successfully synthesized via vac-
uum calcination. The spatial layout of BiOIO; nanosheets changed,
reducing the agglomeration and becoming more fluffy and rich in
pores, with the specific surface area remarkably increased by 50.4%
(29.60—>44.52 m*/g). The in-situ exposure of I ions on sample
surface resulted in rich oxygen vacancies and shortening the band
gap, which is conducive to the absorption of visible light. The
formed local BiOI Zero-dimensional nanodots provide hetero-
junction-like effect combined with the BiOIO;, thus obtaining im-
proved photocatalytic performance.
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Photocatalytic Oxidation of Elemental Mercury

The as-prepared samples were tested by photocatalytic oxida-
tion of gaseous elemental mercury (Hg’), and the experiment bench
was shown in Fig. S1, the nitrogen flow was divided into two
branches, one streamed with 1 L/min flow rates and the other one
with 0.2 L/min flow rates. The 0.2 L/min flow rates line passed
through a mercury generator (PSA, UK). Then the two streams were
uniformly mixed in a mixing tank, providing stable Hg’ vapor
(about 60 pg/m’ in this work). The Hg’ concentration was mea-
sured by mercury analyzer (RA-915-M, Lumex, Russia).

In each test, 30 mg as-prepared photocatalyst was loaded evenly
on a quartz glass, under 9W LED light (with filter 1>400 nm). The
elemental mercury (Hg’) removal efficiency of as-prepared sam-
ples under visible light could be calculated via Egs. (1):

0 0
= (Bl 10, W
[Hg Jin

where [Hg'];, represents the Hg’ concentration (ug/m’) at the
reactor inlet, while [Hgo]m represents the HgO concentration (ug/
m’) at the reactor outlet.

Photocatalytic Degradation of Rhodamine B

Fig. S2(a) is the experimental setting of photocatalytic degrada-
tion of RhB, and in each test, 100 ml of 10 mg/L RhB solution was
used and 50 mg catalyst sample was dispersed in the solution. After
30 min of darkness, the visible light lamp was turned on for photo-
catalytic reaction. After 15, 30, 45, 60 and 90 min of reaction, 3 ml
of supernatant was extracted by a syringe with filter. The superna-
tant was then transferred to a liquid-phase UV-vis spectrophotom-
eter, and the absorbance data were obtained under the irradiation
of monochromatic light with 552 nm wavelength. According to the
formula A=K*L*C, where A is the absorbance of the liquid under
test, K is a proportional coefficient, L is the optical path length of
the cuvette in the UV-vis spectrophotometer (the value is 10 mm
in this work), and C is the concentration of RhB in the liquid under
test. At the beginning of the experiment, RhB solution with known
concentration were taken for UV-vis test, and then, the standard
curve was drawn as shown in Fig. S2(b). The curve has a good lin-
ear relationship, and the subsequent RhB concentration is calcu-
lated from this fitting curve.

The experimental results of photocatalytic degradation of RhB
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Fig. S1. Schematic diagram of the experimental system.
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Fig. S2. (a) Experimental setup for photocatalytic degradation of RhB; (b) Standard curve of absorbance versus concentration; (c) Photocata-

Iytic degradation efficiency of the as-prepared samples.

via the as-prepared samples in this paper are shown in Fig. S2(c).
The catalytic performance is characterized by C/C,, where C, is
the initial concentration of RhB solution (10 mg/L), and C is the
RhB concentration at the current moment. It can be seen that among
the three samples, the performance of BiOIO;-H is poor, which
takes 60 min to basically complete the degradation of RhB. While,
the performance of the BiOIO;-C is in between. BiOIO;-VC has
the best performance: At the beginning of the reaction, RhB con-
centration drops rapidly. After 15 min, nearly 60% of RhB is de-
graded, and after 45 min, the degradation is complete. Therefore,
vacuum calcination can effectively improve the photocatalytic per-
formance of BiOIO;.
Adsorption Site of Mercury

In order to explore the active point sites of mercury adsorption,
the supplementary DFT calculation was carried out, and the results
are shown in Fig. S3. The yellow;, green and blue spheres in Fig.
S3(a) indicate three potential adsorption sites, namely, the iodine
top site (I7), the oxygen top site (Oy), and the hollow site (H), respec-
tively. The mercury atoms were placed in the above mentioned
adsorption sites of structure BiOIO;, BiOIO;-O,,-A, BiOIO;-O,,-B,
BiOIO;-0,,-C and BiOIO;-O,4, successively, and then the geomet-
ric optimization was performed. The adsorption energy is calcu-

lated as E,;=E—E,,—Ey, where E, is the total energy of the stable
system formed after adsorption, E,,is the total energy of the sur-
face before adsorption, and E, is the total energy of an isolated
elemental mercury. The negative adsorption energy indicates that
the adsorption structure is stable, and the larger the absolute value
is, the more stable it is.

The adsorption energy of all structures are shown in Fig. S3(b).
It can be seen that when mercury is adsorbed on the intact BiO-
10, surface without any defects, the adsorption energy is in the range
of —0.188~—0.173 eV, and the best adsorption position is at the iodine
top site. The situation is different when the oxygen vacancy con-
centration is low that the iodate group loses only one oxygen atom.
The optimal adsorption energies of mercury on structures BiO-
10,-O,,-A and BiOIO;-O,,-B are as low as —0.206 eV and —0.203
eV, which is slightly better than that on the surface without defects.
While, the adsorption energy of mercury on structure BiOIO;-
O,,-C is in the range of —0.172~—0.168 eV, and the adsorption per-
formance is not improved significantly. This is because in struc-
ture BiOIO;-O,,-A and BiOIO;-O,,-B, oxygen vacancies occur on
the surface. While in structure BiOIO;-O,,-C, oxygen vacancies
occur on the sub-surface, close to the inside of the crystal block, so
the promotion of mercury adsorption is not obvious here. When



(@

o™

oS

Side view Top view

044

Fig. S3. (a) Potential sites for mercury adsorption; (b) Adsorption energy.

the oxygen vacancy concentration is further increased, the adsorp-
tion energy of structure BiOIO;-O,; for mercury is significantly
increased to —0.372~—0.358 eV, which is almost twice that of the
intact surface. The adsorption energy is related to the oxygen vacancy

concentration and its formation position. It can be inferred from
the above analysis that the catalytic reaction tend to take place at
the oxygen vacancy defects on the catalyst surface.



